All the data are made available in the manuscript and in the supplementary material. Sequences have been deposited in the European Nucleotide Archive (ENA) under accession number PRJEB25935.

Introduction {#sec005}
============

The human body is estimated to host approximately 4 \* 10^13^ bacterial cells, roughly equaling the number of human cells \[[@pone.0225545.ref001]\]. Bacteria represent the major part of microbiomes on the human body and have been shown to play a significant role in human health, affecting development of the immune system, nutrition and weight, among other physiological aspects \[[@pone.0225545.ref002]\]. Instead of distinct microbial species being either beneficial or harmful to human health, changes in the global balance of the microbiome might play a more crucial function \[[@pone.0225545.ref003]\]. Therefore, it is important to understand how the bacterial communities may vary under different circumstances.

Genital infections with either *Trichomonas vaginalis* (TV) or *Chlamydia trachomatis* (CT) were estimated to affect over a quarter of a billion women worldwide in 2012 \[[@pone.0225545.ref004]\]. These two pathogens invade the vaginal microbiome despite its resilience upon disturbance, e.g. by causing low pH \[[@pone.0225545.ref005], [@pone.0225545.ref006]\]. A vaginal microbiome associated with vaginal health is typically characterized by the predominance of one or few species of lactobacilli \[[@pone.0225545.ref007]\]. *Lactobacillus crispatus* and *L*. *iners* are the most prevalent vaginal lactobacilli in women of reproductive age, \[[@pone.0225545.ref007]--[@pone.0225545.ref009]\] and *L*. *crispatus* plays a major role in maintaining the vaginal environment in equilibrium, whereas *L*. *iners* has been associated with both eubiotic vaginal microbiomes as well as dysbiotic vaginal microbiomes associated with bacterial vaginosis (BV) or sexually transmitted infections (STIs) \[[@pone.0225545.ref009]\].

*T*. *vaginalis* has been associated with a vaginal pH ≥ 4.5 \[[@pone.0225545.ref010]\]. The more alkaline vaginal pH associated with TV would potentially lead to invasion of other pathogens, whilst further decreasing the concentration of lactobacilli which thrive in an acidic environment. Martin *et al*. \[[@pone.0225545.ref011]\] suggested that TV infection was associated with *Mycoplasma hominis* and Candidatus *Mycoplasma girerdii*, a species almost exclusively found in women infected with TV \[[@pone.0225545.ref012]\].

Vaginal dysbiosis has been associated with an increased risk of STIs, including *C*. *trachomatis* \[[@pone.0225545.ref013]\]. Imbalances in the vaginal microbiome, such as bacterial vaginosis, are important during pregnancy, because they have been associated with an increased risk of post-abortion infection \[[@pone.0225545.ref014]\], both early and late miscarriage \[[@pone.0225545.ref015], [@pone.0225545.ref016]\], preterm premature rupture of membranes \[[@pone.0225545.ref017]\], and preterm birth \[[@pone.0225545.ref018]\]. Preterm birth complications are of unique importance as they are estimated to be responsible for 14% of the world's annual neonatal deaths \[[@pone.0225545.ref019]\].

Here, we determined the vaginal microbiome profiles of three groups of pregnant women (TV-infected, CT-infected, and controls, *i*.*e*. women with none of the two infections) attending antenatal care at Kilifi, County Hospital, Kenya, and we compare our results with previous findings.

Materials and methods {#sec006}
=====================

We obtained ethical approval from the Kenya Medical Research Institute Scientific and Ethics Review Unit (\#3022). Written informed consent was obtained from all the participants.

This report utilized repository samples from a study of 350 pregnant Kenyan women, as previously described \[[@pone.0225545.ref020]\]. Briefly, from July until September 2015, women attending the antenatal care clinic of Kilifi County Hospital, Kenya, were recruited into a cross-sectional study. The main aim of that study was to describe the prevalence and the predictors of curable STIs among pregnant women \[[@pone.0225545.ref020]\]. Women were eligible if they met the following criteria: age 18--45 years, gestation ≥ 14 weeks, being residents of the Kilifi Health and Demographic Surveillance area, willingness to undergo free STI and BV screening procedures and willing to give written informed consent.

For the above-described study, a nurse collected vaginal secretions from the vaginal introitus using three sterile cotton swabs. The first vaginal swab was inoculated at the clinic in the upper-chamber of an InPouch system (BioMed Diagnostics, White City, Oregon), a highly specific and sensitive device containing a fluid medium supporting the growth of *Trichomonas vaginalis* (TV) and allowing microscopic observation of TV. The inoculated InPouch was transferred to the laboratory within 15 minutes for direct microscopy of the upper chamber, after which it was merged with the lower chamber and incubated at 37°C ± 1°C. Daily microscopic observation (at both ×10 and ×40 magnification, for six fields) of the InPouch system was performed by qualified technicians. Samples with motile trichomonads within 5 days of culture were considered positive for TV.

The second swab was used for bacterial vaginosis (BV) diagnosis using the scoring system described by Nugent \[[@pone.0225545.ref021]\].

The third swab was placed in a sterile labelled 2 ml Eppendorf tube and the swab shaft was broken by bending the shaft against the neck of the Eppendorf tube. The bottom portion of the swab with the specimen was transported to the laboratory where it was immediately stored dry at -80°C for molecular studies of the vaginal microbiome, and the PCR for TV. No transport or freezing medium was added. *Chlamydia trachomatis* (CT) and *Neisseria gonorrhoeae* detection was performed on fresh first catch urine, using the GeneXpert® CT/NG Assay (Cepheid, Sunnyvale, California), according to the manufacturer's instructions.

DNA extraction {#sec007}
--------------

Before DNA extraction, the frozen swabs were thawed at room temperature for 30 minutes. Extraction was performed using the QIAamp DNA Mini Kit (Qiagen, Hilden, Germany) according to manufacturer's instructions and 160 μl of eluted DNA was transferred to Eppendorf tubes and frozen at -80°C until molecular analysis was performed.

Further, PCR for *T*. *vaginalis* targeting the actin gene, using primers, previously described \[[@pone.0225545.ref012]\] yielding a fragment of 1100 bp were carried out on the ABI Veriti thermocycler platform (ThermoFisher Scientific, Waltham, Massachusetts). The primers were synthesized by Eurogentec, Liège, Belgium. The PCR was carried out with primers Tv8S (5′-TCT GGA ATG GCT GAA GAA GAC G-3′) and Tv9R (5′-CAG GGT ACA TCG TAT TGG TC-3′), with the following thermocycling conditions: 5 min at 95°C, 40 cycles of 30 s at 95°C, 30 s at 55°C and 3 min at 72°C, followed by 7 min at 72°C. Amplified fragments were visualized under UV light after agarose gel electrophoresis and EthBr staining.

Specimens for this study are derived from the stored swabs. Due to financial and logistic constraints, we could process only a subset of the 350 vaginal swabs from the main study. Vaginal swabs from 53 pregnant women were divided into three groups for analysis: first group was of 18 vaginal swabs from women TV PCR-positive, second group was of 14 vaginal swabs from women PCR-positive for CT in urine. The third group or control group consisted of 21 vaginal swabs from women PCR-negative for both TV and CT in urine. No matching of women was performed while selecting the control group. The socio-demographics of the 21 women whose swabs were selected as controls were not different from the 251 not selected as controls (Table A in [S1 File](#pone.0225545.s001){ref-type="supplementary-material"}). All the vaginal swabs selected for this analysis were BV negative by Nugent score.

Bacterial 16S ribosomal RNA (rRNA) gene PCR and sequencing {#sec008}
----------------------------------------------------------

The Ion 16S Metagenomics^TM^ Kit (ThermoFisher Scientific, Waltham, MA) primer set V2-4-8 was used to amplify the hypervariable regions of the 16S rRNA gene from bacteria for all the samples and from a positive control (DNA from Microbial Mock Community A (HM-278D --BEI)), according to the kit instructions. The amplicons were then purified using the AMPure magnetic bead-based purification system (Beckman Coulter, Porterville, CA) and quantified using the Qubit® 2.0 Fluorometer and the Qubit dsDNA HS Assay kit (ThermoFisher Scientific).

Sequencing libraries were synthesized using the Ion Plus^™^ Fragment Library Kit (ThermoFisher Scientific) to ligate barcoded adapters to the amplicons. For quality control, each barcoded library was assessed in order to determine proper ligation of the adapters by checking the size distribution and concentration of libraries. The Agilent Bioanalyzer (Agilent, Santa Clara, CA) was used for size distribution, while the library concentration was determined using the Ion Library TaqMan® Quantitation Kit (ThermoFisher Scientific) according to the kit instructions. The barcoded libraries were pooled in equimolar amounts with 25 libraries and one positive control (Microbial Mock Community A) pooled into one batch. Templating of the pooled library was done using the Ion PGM^™^ Hi-Q^™^ OT2 Kit on the OneTouch2^™^ system according to the manufacturer's recommendations (ThermoFisher Scientific). The templated library was then enriched for template-positive Ion Sphere particles on the ion one touch ES system followed by 400-bp sequencing on the Ion Torrent PGM (ThermoFisher Scientific) using the Ion PGM^™^ Hi-Q^™^ Sequencing Kit and a 318 v2 chip (ThermoFisher Scientific).

Data processing and statistical analysis {#sec009}
----------------------------------------

### Identification of bacterial taxa in vaginal samples {#sec010}

After sequencing, the individual sequence reads were filtered by the PGM software to remove low quality and polyclonal sequences. Sequences matching the PGM 3′ adaptor were automatically trimmed. All PGM quality-approved, trimmed and filtered data were exported as sff files and further visualized and trimmed on quality in CLC Genomics Workbench version 9.5.3. Quality trimmed reads were exported as fasta files and processed using QIIME version 1.9.1 \[[@pone.0225545.ref022]\]. Sequences with a length between 200 and 250 bp, mean sequence quality score \> 25 were retained.

Presence of homopolymers of \> 6 bp, and sequences with mismatched primers were omitted. In order to calculate downstream diversity measures (α- and β-diversity indices, Unifrac analysis), 16S rRNA Operational Taxonomic Units (OTUs) were defined at ≥ 97% sequence homology using the open reference picking pipeline and taxonomy assignment workflow of QIIME and the Greengenes version 13.8 reference dataset \[[@pone.0225545.ref023]\].

### α-diversity analysis {#sec011}

The α-diversity (diversity within samples) was evaluated using Simpson's and Shannon's indices. Samples were clustered into the three groups, i.e. CT-infected, TV-infected, and controls, and median diversity indices per group were compared using Analysis of variance (ANOVA). Pair-wise comparisons of the relative abundance of genera were computed using done by t-test.

β-diversity analysis was used to evaluate whether there was dissimilarity in variation between the three groups of women. Analysis of dissimilarity between groups was performed by Bray-Curtis (non-phylogeny based method that only takes the relative abundance of OTUs into account) and visualized through principal coordinates analysis (PCoA). The analysis of similarity (Anosim) test showed that the vaginal microbiome diversity within each group was not significantly different between the groups.

Non-metric multidimensional scaling (NMDS) analysis was applied to the dataset. PCoA was used to model the variation between samples based on the three groups.

The 16S rRNA gene sequences reported in this study have been submitted to the European Nucleotide Archive (ENA) under accession number PRJEB25935. Low abundant OTUs were excluded from subsequent analysis, i.e. only those OTUs were included that had a relative abundance of \> 0.01 (assigned reads/total number of reads) in at least one sample. Data-mining and statistical analysis was done in Calypso version 8.54, available at (<http://bioinfo.qimr.edu.au/calypso/>), including visualization of the taxonomic information \[[@pone.0225545.ref024]\].

Chi-square was used to compare the socio-demographic and behavioral characteristics when comparing the groups of women on STATA version 13.1 (Stata Corp, College Station, Texas).

Results {#sec012}
=======

Two of the women with a TV infection were co-infected with HIV but both were not on anti-HIV therapy at the time of sample collection as HIV had just been diagnosed. There were no significant differences in the socio-demographic and behavioral characteristics of the three groups of women ([Table 1](#pone.0225545.t001){ref-type="table"}). Finally, the socio demographic, behavioral, and clinical characteristics of 21 women whose swabs were selected as controls were not significantly different from the 251 women not selected as controls (Table A in [S1 File](#pone.0225545.s001){ref-type="supplementary-material"}).

10.1371/journal.pone.0225545.t001

###### Socio-demographic, behavioral, and clinical characteristics of pregnant women (N = 53), attending antenatal care at Kilifi County Hospital, Kenya.

![](pone.0225545.t001){#pone.0225545.t001g}

  -------------------------------------------------------------------------------------------------
  Characteristic                        Controls (%)\   TV cases (%)\   CT cases (%)\   χ2\
                                        N = 21          N = 18          N = 14          P-value
  ------------------------------------- --------------- --------------- --------------- -----------
  **Age group (Years)**                                                                 

  18--24                                28.57           38.89           64.29           

  ≥ 25                                  71.43           61.11           35.71           0.106

  **Religion**                                                                          

  Christian                             66.67           72.22           78.57           

  Muslim                                9.52            11.11           21.43           

  Other/None                            23.81           16.67           0.0             0.360

  **Education**                                                                         

  None                                  19.05           22.22           21.43           

  Primary                               61.90           61.11           57.14           

  Secondary/Tertiary                    19.05           16.67           21.43           0.996

  **Parity**                                                                            

      0                                 19.05           27.78           21.43           

      1--2                              42.86           44.44           57.14           

      3+                                38.10           27.78           21.43           0.814

  **Gestational age (weeks)**                                                           

      14--27                            66.67           55.56           53.85           

      ≥ 28                              33.33           44.44           46.15           0.692

  **Number of lifetime sex partners**                                                   

      ≤ 2                               95.24           77.78           64.29           

      ≥3                                4.76            22.22           35.71           0.065

  **HIV**                                                                               

  Positive                              0.0             11.11           0.0             

  Negative                              100.0           88.89           100.0           0.133

  **Nugent scores**                                                                     

  Normal (0--3)                         95.24           55.56           85.71           

  Intermediate (4--6)                   4.76            44.44           14.29           **0.008**
  -------------------------------------------------------------------------------------------------

To quantify the community composition of the three study groups of pregnant women, amplicons were clustered in operational taxonomic units (OTUs) using UCLUST \[[@pone.0225545.ref016]\] with a sequence similarity threshold of 97%. After quality filtering and chimeric checking, a total of 7232969 reads were assigned to 545 OTUs. A total of 488 OTUs were considered as the core OTUs since they occurred in all three groups. Controls and TV-infected women had 4 unique OTUs each, while CT-infected women had 5 unique OTUs ([Fig 1](#pone.0225545.g001){ref-type="fig"}).

![Venn diagram of the dominant OTU's for each group.\
Numbers indicate the number of operational taxonomic units OTU's.](pone.0225545.g001){#pone.0225545.g001}

Bacterial α-diversity was significantly higher among pregnant women with either TV or CT compared to controls, with the mean α-diversity of TV-infected \> than that of CT-infected, that of CT-infected \> than mean α-diversity of controls ([Fig 2](#pone.0225545.g002){ref-type="fig"}).

![Bacterial α-diversity among the different groups of pregnant women in Kilifi, Kenya.\
Dot plots represent (A) Shannon index and (B) Simpson index. Statistical analysis was performed using ANOVA. Lines inside dot plots represent mean ± standard error.](pone.0225545.g002){#pone.0225545.g002}

The centroids, or average center, were not significantly different for the three groups ([Fig 3](#pone.0225545.g003){ref-type="fig"}).

![β-diversity of vaginal microbiomes among the different groups of pregnant women.\
β-diversity of vaginal microbiomes among pregnant women with *T*. *vaginalis* (n = 18), *C*. *trachomatis* (n = 14) and the control group (n = 21). (A) Non-metric multidimensional scaling (NMDS) plot of the vaginal bacteria of the three groups. Points represent the vaginal microbiomes of individual women at all taxonomic levels; colors indicate the infection status. (B) Principle coordinates analysis (PCoA) based on Bray Curtis metrics on Operational Taxonomic Units (OTUs).](pone.0225545.g003){#pone.0225545.g003}

Taxonomic similarities between each of the three groups were assessed by comparing the bacterial abundance in the three groups at various taxonomic levels. At the genus level, women infected with TV had a significantly (p \< 0.01) higher abundance of *Parvimonas* and *Prevotella* compared to controls and to CT-infected women. Women infected with CT had in addition to abundant *Chlamydia*, a significantly (p \< 0.05) higher abundance of *Anaerococcus*, *Collinsella*, *Corynebacterium* and *Dialister* ([Fig 4](#pone.0225545.g004){ref-type="fig"}).

![Bar graphs showing relative abundance of genera.\
The bar graphs are of genera that were significantly different among the three groups. Women with CT and TV had more Collinsella, Dialister and Prevotella than controls. Women with CT had more Anaerococcus and Corynebacterium than women with TV. Women with TV have more Parvimonas than controls. Pair-wise comparisons are done by t-test and annotated as \*; p \< 0.05, \*\*; p \< 0.01. Standard error is depicted by error bars.](pone.0225545.g004){#pone.0225545.g004}

At family level, the abundance of the *Lactobacillaceae* was evident for all three groups and not significantly different between groups (Figure A in [S1 File](#pone.0225545.s001){ref-type="supplementary-material"}).

We further performed analysis based on Nugent scores irrespective of genital infection status. We compared women with a normal Nugent score (0--3) (N = 42) with those with an intermediate Nugent score (4--6) (N = 11). Bacterial α-diversity was higher among women with intermediate Nugent scores as compared to those with normal Nugent scores (Figure B in [S1 File](#pone.0225545.s001){ref-type="supplementary-material"}). At family level, the abundance of *Aerococcaceae*, *Alcaligenaceae*, *Clostridiaceae*, *Coriobacteriaceae*, *Fusobacteriaceae*, *Gemellaceae*, *Lachnospiraceae*, *Lactobacillaceae*, *Leptotrichiaceae*, *Prevotellaceae* and *Tissierellaceae* was significantly different between the two groups (Figure C in [S1 File](#pone.0225545.s001){ref-type="supplementary-material"})

Discussion {#sec013}
==========

This molecular epidemiological study, using high-throughput sequencing of the 16S rRNA gene of vaginal microbiomes intended to assess whether vaginal microbiomes differ among three groups of pregnant women: one group with genital infections with *Chlamydia trachomatis* (CT) (n = 14), one group with *Trichomonas vaginalis* (TV) infection (n = 18) and one control group, comprising (n = 21) women without CT and TV infection and without bacterial vaginosis (BV). We demonstrated increased α-diversity during infection with both TV and CT as compared to women not infected with either of both infectious agents. Since both indices used to determine the α-diversity (Simpson's and Shannon's) take into account the abundance and evenness of the OTUs present, this result suggests that infection with either TV or CT is associated with an increase in species diversity.

In a previous study \[[@pone.0225545.ref025]\], TV infection was associated with vaginal microbiomes consisting of low proportions of lactobacilli and high proportions of *Mycoplasma*, *Parvimonas*, *Sneathia* and other anaerobes. Martin *et al*. \[[@pone.0225545.ref011]\] similarly identified *Parvimonas* and *Prevotella* as significantly associated with TV infection. Also in our study, women infected with TV had significantly (p \< 0.01) higher abundance of *Parvimonas* and *Prevotella* ([Fig 4](#pone.0225545.g004){ref-type="fig"}) as compared to controls. *Prevotella* has been shown to be elevated in women with BV \[[@pone.0225545.ref026]\]. Whether *Parvimonas* plays an active role in the pathology of TV or is rather a markers of infection with TV is not clear.

Several genera were more abundant among samples of women with CT included *Collinsella* and *Dialister* compared to controls and *Anaerococcus* and *Corynebacterium* compared to TV ([Fig 4](#pone.0225545.g004){ref-type="fig"}). We could not confirm the finding of Tamarelle *et al*. \[[@pone.0225545.ref027]\], who reported that infection with CT was associated with vaginal microbiomes dominated by *Lactobacillus iners* and largely lacking other *Lactobacillus* species respectively with a wide array of strict and facultative anaerobes.

The clinical relevance of genera associated with CT in our study varies. *Anaerococcus* has been isolated in cases of urinary tract infections \[[@pone.0225545.ref028]\]. Bacteria of the genus *Collinsella*, are not really known to be associated with vaginal dysbiosis. They are mainly found in the gut and their abundance in the gut of patients with rheumatoid arthritis correlates strongly with increased production of the proinflammatory cytokine IL-17A \[[@pone.0225545.ref029]\]. Bacteria of the genus *Corynebacterium* are increasingly being recognized as causing opportunistic infections in patients who are immunocompromised, have prosthetic devices, or have been in hospitals/nursing homes for long-term periods of time \[[@pone.0225545.ref030]\]. While *Dialister* species have been implicated in oral diseases \[[@pone.0225545.ref031]\], and recently *Dialister* has been identified as a microbial marker of disease activity in Spondyloarthritis. However, the importance of *Dialister* species in vaginal microbiome remains unknown \[[@pone.0225545.ref032]\].

Our study had a few limitations; first, we did not perform a biochemical analysis to exclude that the participants were on antibiotics. Antibiotics used for various treatments might also interfere with a healthy bacterial equilibrium in the vaginal microbiome, specifically causing a decrease in the prevalence of commensal *Lactobacillus* spp. However, we collected data using a questionnaire on antibiotic use and none of the participants declared to be on antibiotics. Second, no internal control was added during the DNA extraction process, so inefficient genome extraction may have occurred, although a genomic DNA from Microbial Mock Community A (HM-278D --BEI) was used as a positive control during amplification. Third, we only knew the status of a couple of STIs (CT, NG, TV, HIV, and *Treponema pallidum*), while other STIs not analyzed may have an effect on the microbiome as well. Fourth, during selection of the controls we did not match with number of sexual partners which potentially may have impacted on the likelihood of exposure to various microbes. However, the difference in number of sexual partners between the three groups was not statistically significant. Finally, our sample size was limited due to financial constraints.

Conclusion {#sec014}
==========

*Colinsella*, *Dialister* and *Prevotella* were significantly increased in CT- and TV-infected women compared to controls. *Anaerococcus* and *Corynebacterium* were most abundant in CT-infected women and significantly more abundant when compared to TV-infected women, and finally *Parvimonas* and *Prevotella* were most abundant in TV-infected women and significantly increased compared to controls. Future research should focus on the functional importance of the various vaginal bacteria. Longitudinal studies of vaginal microbiome and STIs are critical in order to determine causality, including its direction, and temporality.
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###### 

**Table A.** Socio-demographic and behavioral characteristics of women selected as controls and women not selected as controls, attending antenatal care at Kilifi County Hospital, Kenya.

**Figure A. Bar graph showing relative abundance of vaginal bacteria at family level for the three groups**. Bar graphs of taxa that are significantly different annotated as \*: p\<0.05, \*\*: p\<0.01, \*\*\*: p\<0.001 for pair-wise comparisons by t-test for the three groups of women.

**Figure B. Bacterial α-diversity using Simpson and Shannon indices of women based on Nugent scores**. Legend. Intermediate Nugent score; 4--6 (n = 11), Normal Nugent score; (0--3) (n = 42).

**Figure C. Bar graph showing relative abundance at family level based on Nugent scores.** The bar chart display taxa that are significantly different taxa based on an Anova analysis Only taxa that are significantly different with a p-value \< 1 are shown A Pair-wise comparisons is then done by t-test and annotated as \*: p\<0.05, \*\*: p\<0.01, \*\*\*: p\<0.001 Standard error is depicted by error bars. Intermediate Nugent score: 4--6 (n = 11), Normal Nugent score: 0--3 (n = 42).

(DOCX)

###### 

Click here for additional data file.

We would like to thank the study participants. A special thanks to all nurses at the ANC Clinic of the Kilifi County Hospital. This manuscript was submitted for publication with permission from the Director of the Kenya Medical Research Institute (KEMRI).

[^1]: **Competing Interests:**The authors have declared that no competing interests exist.

[^2]: ‡ These authors are joint senior authors on this work.
